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Abstract Up to now, only few works focused on the meteorological context leading to the production
of Terrestrial Gamma ray Flashes (TGFs). In this study, we carry out, for the first time, an analysis on large
scale of the meteorological scenario linked to 278 TGFs detected by RHESSI, AGILE, and Fermi, by using
the Meteosat Second Generation geostationary satellites. These satellites are useful as they continuously
monitor the same geographic region in time, allowing investigations on thunderstorms' development;
moreover, they are endowed with channels and products that provide information about the
meteorological context under analysis, such as the cloud top temperature and altitude, the cloud extension,
the drop effective radius and the cloud phase. Our work confirms what previously found in other studies
about the TGF-associated thunderstorms, by using a different approach and by using for the first time the
Meteosat satellites: we find TGFs mostly linked to the development phase of deep convective thunderstorm
systems, exhibiting typical characteristics of tropical storms, and providing a first picture on large scale of
the TGF-associated thunderstorm systems.
1. Introduction
Terrestrial Gamma ray Flashes (TGFs) consist of submillisecond gamma ray emissions with energies up to
tens of megaelectron volts, occurring during thunderstorms and associated with lightning activity. Discov-
ered by the Compton Gamma-Ray Observatory in 1994 (Fishman et al., 1994), they have been later largely
detected by satellites devoted to high-energy astrophysics: the Reuven Ramaty High-Energy Spectroscopic
Imager (RHESSI; Grefenstette et al., 2009; Smith et al., 2005, 2010), the Astrorivelatore Gamma ad Immag-
ini LEggero (AGILE; Marisaldi et al., 2010, 2015), and the Fermi Space Telescope (Briggs et al., 2010, 2013;
Roberts et al., 2018). Recently, TGFs have been found in the Satellite per Astronomia X (Beppo-SAX) satellite
data archive as well (Ursi, Guidorzi, et al., 2017).
TGFs are thought to consist of Bremsstrahlung photons produced by relativistic electrons accelerated in
thunderstorm electric fields and abruptly braked in the atmosphere: several models have been proposed to
describe in detail this process (Celestin et al., 2012; Carlson et al., 2010; Dwyer, 2008, 2012; Dwyer et al.,
2003; Gurevich et al., 1992; Liu & Dwyer, 2013; Moss et al., 2006; Pasko, 2014; Wilson, 1924, 1925).
Despite the atmospheric nature of TGFs, only few studies have been carried out concerning the meteoro-
logical context associated to these events. The typical geographic, seasonal, and local time distribution of
TGFs follows that of tropical storms (Splitt et al., 2010), mostly concentrating within the near-equatorial
trough of the Intertropical Convergence Zone (ITCZ): however, the different production regions and local
time variations appear not to affect the intrinsic TGF characteristics, as shown by Grefenstette et al. (2009)
on RHESSI TGFs.
TGFs have been detected coming from a wide range of altitudes, by using high-energy detectors placed
onboard satellites, airborne and on-ground gamma ray and particle detectors. Dwyer and Smith (2005) first
performed Monte Carlo simulations to estimate the production altitude required for TGFs to survive to
spacecraft altitudes, ending up with heights between 15 and 20 km. Such result was later confirmed by
Splitt et al. (2010) using RHESSI data, whereas Cummer et al. (2014) presented two events detected by the
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the thunderstorm charge layers. Nevertheless, TGFs have been detected even at lower altitudes, as showed
by Shao et al. (2010) and Xu et al. (2012), as well as by detectors placed onboard aircraft, such as the Airborne
Detection for Energetic Lightning Emission (Smith et al., 2011) and at ground level (Abbasi et al., 2018;
Bowers et al., 2017, 2018; Dwyer et al., 2012; Hare et al., 2016; Tran et al., 2015).
A fraction of detected TGFs are usually found simultaneous with lightning-generated radioatmospher-
ics (sferics), detected on-ground by lightning location networks within hundreds of microseconds
(Connaughton et al., 2013; Inan et al., 1996; Marisaldi et al., 2015; Mezentsev et al., 2016). This further
established the deep correlation between lightning discharges and TGFs. Although the detailed relationship
between the two processes is still not clear. TGFs seem to be more likely associated to particular types of
lightning discharges: Shao et al. (2010) and Cummer et al. (2014, 2015) found out that TGFs tend to be pro-
duced at the developing stages of relatively long (∼2 km) upward propagating IntraCloud leaders, with high
upward velocity (∼1.0 × 106 m/s), suggesting the possibility of a more likely relation with strong in-cloud
electric fields and large potential differences. The lightning discharge – TGF ratio appear to be affected by
geographic discrepancies (taking into consideration the relative geographic lightning detection efficiency),
with a lack of events in the South American zone (Fuschino et al., 2011).
Smith et al. (2010) studied the variation of lightning discharge rate during single storms associated to TGF
production and found that the±20-min interval about the TGF time mostly included the decreasing stages of
the lightning rate. On the contrary, Ursi, Sanò, et al. (2017) showed a case study over Africa, for which a TGF
was taking place during the cooling phase of the thunderstorm and the increasing stages of the lightning rate.
In the light of the few studies carried out up to now, thunderstorms that produce TGFs seem not to exhibit
particular characteristics with respect to storms not associated to TGFs. Splitt et al. (2010) found RHESSI
events occurring during storms whose extension vary from single storms to large mesoscale convective sys-
tems. The same result was obtained by Chronis et al. (2016), who analyzed 24 Fermi TGFs over Florida,
whose associated storms exhibited a wide range of intensities, from relatively weak systems to deeper con-
vective ones. Fabró et al. (2015) carried out an extensive study by using GOES geostationary satellites, on
a sample of hundreds of AGILE and RHESSI TGFs over South America, confirming the seasonal and local
time distribution of TGFs and finding them occurring under rare conditions of flash rate, but under a wide
range of Convective Available Potential Energy and cloud extensions. Barnes et al. (2015) retrieved informa-
tion on the microphysics of thunderstorms from the Tropical Rainfall Measurement Mission, finding out a
higher content of hydrometeor, cloud and precipitation water, and cloud and precipitation ice at higher alti-
tudes for storms found producing TGFs, with respect to storms with no associated TGF. Roberts et al. (2017)
compared TGFs produced during tropical storms, whose producing cell can be randomly placed inside the
convective system, to TGFs produced during typhoons and hurricanes, whose producing region is usually
placed in the outer rainband, where a highest lightning rate is present. Moreover, the largest fraction of their
events seems to take place during the strengthening phase of the tropical storm system.
2. Data Sample, Products, and Methods
2.1. TGF Sample and Satellites
In more than 15 years activity, RHESSI, AGILE, and Fermi contributed to build up a global database of
thousands of TGFs, fundamental to investigate the phenomenology of these events. From that database, we
selected all events occurring within the 60◦W to 60◦E, 60◦S to 60◦N geographic region, found in close time
association with a World Wide Lightning Location Network (WWLLN) sferic (within 200 μs for Fermi and
within 500 μs for RHESSI and AGILE), in order to achieve the most reliable localization of the corresponding
source regions (< 20 km, according to the WWLLN spatial resolution; Rodger et al., 2009).
We ended up with a sample of 278 TGFs shown in Figure 1. The selected TGF sample covers a period from
2003 to 2015, spanned over a wide range of latitudes. In particular, the 65 RHESSI TGFs with associated
sferic were provided by Gjesteland et al. (2012) and refer to a period from 2003 to 2013, ranging within
±38◦ latitude; the 22 AGILE TGFs with associated sferic refer to the 3-month period, from March 2015 to
June 2015, during the enhanced TGF detection phase of the MiniCALorimeter instrument, as illustrated in
Marisaldi et al. (2015), and range within ±2.5◦ latitude (TGF catalog available on https://www.ssdc.asi.it/
mcaletgfcat/); the Fermi TGFs with associated sferic are taken from the public Fermi Gamma-ray Burst Mon-
itor TGF catalog (available on https://fermi.gsfc.nasa.gov/ssc/data/access/gbm/tgf/), recently published by
Roberts et al. (2018), and refer to a period from 2008 to 2015, ranging within ±26◦ latitude.
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Figure 1. The TGF sample used for the present work: 65 TGFs detected by Reuven Ramaty High-Energy Spectroscopic
Imager (green dots), 22 TGFs detected by Astrorivelatore Gamma ad Immagini LEggero (red dots), and 191 TGFs
detected by Fermi (blue dots), covered by the Meteosat Second Generation geostationary satellites. The green shaded
region corresponds to the South Atlantic Anomaly, where the high concentration of charged particles prevents the
detection of TGFs. TGFs = Terrestrial Gamma ray Flashes.
The obtained sample of 278 events with associated sferic is quite small with respect to the total TGF
database of the three missions, representing only a small fraction of the respective full TGF databases
acquired by each satellite in the same period, as shown in Figure 2. Furthermore, the selected subsample
of WWLLN-associated TGFs within the 60◦W to 60◦E region turns out to be much smaller than the frac-
tion of WWLLN-associated TGFs found in other geographic regions: this is justified by the lower detection
efficiency of the WWLLN in the African continent (Hutchins et al., 2012).
2.2. Meteorological Satellites and Data
The information retrieved to study the meteorological context associated to our TGF sample was obtained by
using geostationary satellites. The strongest point of the geostationary orbit is the continuous monitoring of
a same Earth full disk surface: this allows to investigate the meteorological evolution of a given geographic
region in time, though with a coarse time resolution given by the delivery of data, usually ranging from 15
to 60 min, depending on satellite and period.
For our analysis, we made use of the first three Meteosat Second Generation (MSG) geostationary satel-
lites, Meteosat-8 (MSG1), Meteosat-9 (MSG2), and Meteosat-10 (MSG3), a series of satellites operated by
the EUropean organization for the exploitation of METeorological SATellites (EUMETSAT), whose data are
delivered at the rate of one Earth full-disk scan every 15 min (Schmetz et al., 2002). The nominal orbit of
these satellites is the geostationary orbit centered at (0◦E, 0◦N), devoted to the scan of the Earth full-disk
between 60◦W to 60◦E and 60◦S to 60◦N: whenever a successive satellite is launched, it is delivered into this
orbit, displacing and recentering the previous one at a different orbital position, still serving as backup. We
focused our analysis on the 60◦W to 60◦E longitude range, whose meteorological data are always provided
by the MSG program throughout the time period under analysis.
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Figure 2. Longitude distribution of all RHESSI, AGILE, and Fermi TGFs (blue), detected in the period of interest, and
the fraction of those events found in close time association with a WWLLN sferic (magenta). RHESSI = Reuven
Ramaty High-Energy Spectroscopic Imager; AGILE = Astrorivelatore Gamma ad Immagini LEggero; WWLLN =
World Wide Lightning Location Network; TGFs = Terrestrial Gamma ray Flashes.
As products of meteorological interest, we made use of the data acquired by the Spinning Enhanced Visible
and InfraRed Imager (SEVIRI) instrument, available onboard each satellite of the MSG series and provid-
ing data in both thermal infrared and visible wavelengths. In particular, the High Rate SEVIRI Level 1.5
Image Data provide a 3 km (1 km for the High-Resolution Visible channel) spatial resolution at (0◦E, 0◦N),
and decreasing with increasing distance from the subsatellite point. We considered the infrared 10.8 μm and
water vapor 6.2 μm channels: the first one provides direct information on the cloud top temperature (CTT;
Mecikalski et al., 2010a, 2010b) and, with the second one, allows for the reconstruction of the Global Con-
vective Diagnostics (GCD) parameter, useful for the identification of convection in atmosphere (Ackerman,
1996; Mosher, 2001). From the infrared temperature it is possible to perform an estimate of the cloud size,
that we call cloud top coverage (CTC), by computing the storm total surface area with temperatures below
−70 ◦C, taking into consideration the 3-km horizontal spatial resolution of the SEVIRI channels and its vari-
ation with respect to the distance from the subsatellite point. Computing the rate at which the CTT varies
in time provides the cooling rate (CR) of the thunderstorm, defined as the derivative of temperature with
respect to time. Moreover, we considered also the cloud top height (CTH) parameter, a EUMETSAT product
providing information on the cloud altitude, with spatial resolution of 4 km at (0◦E, 0◦N), and vertical reso-
lution of 320 m (from 960 to 16,000 m; information on this product can be found on https://www.eumetsat.
int/). This product is disseminated every 15 min repeat cycle only since June 2011: as a consequence, CTH
is available for only 198 TGFs out of the total sample, not providing information on a fraction of events
detected between 2003 and 2011.
MSG data are delivered to the community every 15 min: as a consequence, for each TGF-associated sferic
occurring at tTGF, we may have a delay up to ±7.5 min between the event and the associated meteorological
data. Moreover, Meteosat satellites do not acquire data instantaneously, but scanning the whole Earth disk
from 60◦S to 60◦N in a total time of about 12 min, in fact observing different latitudes at different times: this
introduces a delay between the nominal time at which the MSG data packet is delivered tMSG and the true




This time difference between the TGF-associated sferic and MSG data Δt = |tTGF − tMSG| may play a role
when analyzing the meteorological context, making the meteorological data less reliable when the Δt is
large. For this reason, we considered three classes of data, Δt ≤ 1.0 min, 1.0 min < Δt ≤ 3.0 min, and
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Table 1
TGF Parameters and Meteorological Parameters Adopted for the Analysis
of the TGF Sample




Time delay Δt ≤ 1.0 min
1.0 min < Δt ≤ 3.0 min
3.0 min < Δt ≤ 7.5 min
Local time morning, 04:00–12:00
afternoon, 12:00–20:00
night, 20:00–04:00
Geographic latitude 10◦S to 10◦N
20–10◦S and 10–20◦N
40–20◦S and 20–40◦N
Geographic region land, >1◦ from coast
coast, within 1◦ from coast
ocean, >1◦ from coast
3.0 min < Δt ≤ 7.5 min, the class being another parameter associated to our TGFs and describing the
quality of the observation.
Another interesting information that can be obtained with the SEVIRI instrument is represented by the
cloud drop effective radius (ER) and the cloud phase (CP), which provide the identification of the hydrom-
eteor phase of the cloud under analysis and the percentage of ice content: these parameters give an insight
on the cloud, allowing to discriminate between water clouds and ice clouds; in particular, the CP parameter
allows to distinguish single-layer water clouds, from single layer or two layer with high concentration of ice
particles. ER and CP can be obtained from the EUMETSAT Cloud Optimal Analysis product that makes use
of an optimal estimation method and of all the SEVIRI spectral measurements. This product is disseminated
at hourly frequencies since June 2013 and is therefore available only for 33 TGFs of our sample.
Finally, it is also interesting to characterize the convective systems under analysis by means of the lightning
discharges produced, which we call lightning flash rate (LFR) parameter: in order to do that, we made use
of WWLLN data, whose time resolution of microseconds allows to better investigate the meteorological
scenario on smaller timescales, closer to the TGF production stages.
2.3. Methods and Analysis
First, each TGF was classified by considering parameters that could provide a picture of our sample: the
detecting spacecraft (i.e., RHESSI, AGILE, or Fermi), the delay between TGF and MSG data (i.e., Δt), the
local time interval at which the event occurs (i.e., morning 04:00–12:00, afternoon 12:00–20:00, or night
20:00–04:00), the geographic latitude band (i.e., within 10◦, between 10◦ and 20◦, or between 20◦ and 40◦,
in absolute value), and the geographic region where it was detected (i.e., land, ocean, or coast, defined as
events occurring at distances <1◦, within ±1◦, and >1◦ from the coastal contours, respectively). Physical
intrinsic parameters, such as the TGF duration, fluence, photon energy, or the delay with respect to the
associated sferic have been neglected, as they strongly depend on the detection capabilities and sensitivity
of the detectors, not providing a homogeneous sample for analysis purposes.
A comprehensive summary of all the adopted TGF and meteorological parameters is given in Table 1. An
example of a TGF, detected by AGILE and classified by means of its meteorological parameters, is shown in
Figure 3: the corresponding TGF and meteorological parameters are presented in Tables 2a, 2b, and 3a–3c.
For each TGF, we retrieved the meteorological parameters of the associated storm, on different time inter-
vals, spatial areas, and time resolution. The CTT and GCD parameters are taken as the lowest values
evaluated in a time interval of ±100 min about the TGF time, and within a 0.25◦ (corresponding to about
30 km) radius circle around each sferic position: such value allows to exploit the localization resolution of
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Figure 3. Example of the meteorological products used for the analysis, referred to three TGFs detected by RHESSI
(first columns), AGILE (second column), and Fermi (third column). The CTT, GCD, and CTH are analyzed within a
0.25◦ radius circle from the subsatellite point. The CTC is evaluated within a larger 3.00◦ radius area, in order to
contain the whole, or most of the associated storm. These parameters are evaluated on a ±100-min time interval
around the TGF time (here is shown only the central time bin). The lightning flash rate is analyzed within a 0.25◦
radius circle around the TGF-associated WWLLN sferic and evaluated on a ±40 min time interval. RHESSI = Reuven
Ramaty High-Energy Spectroscopic Imager; AGILE = Astrorivelatore Gamma ad Immagini LEggero; WWLLN =
World Wide Lightning Location Network; TGFs = Terrestrial Gamma ray Flashes.
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Table 2a
Example of TGF Parameters Associated to a TGF Detected by AGILE
Meteo parameters name Description Area Time interval Time bin
CTT minimum T10.8μm 0.25◦ ±100 min 15 min
GCD minimum T10.8μm − T6.2μm 0.25◦ ±100 min 15 min
CTH maximum height 0.25◦ ±100 min 15 min
CTC
∑
CTT≤ −70◦ 3.00◦ ±100 min 15 min
CR CTTfin− CTTin/100 min 0.25◦ — 60 min
ER median ER 0.25◦ — 60 min
CP median CP 0.25◦ — 60 min
LFR WWLLN lightning flash rate 0.25◦ ±40 min 1 min, 5 min
WWLLN sferics (∼20 km), in order to study the closest storm regions producing the detected TGFs. The
CTH parameter is taken as the highest value evaluated in a 0.25◦ radius circle and on a ±100-min time
interval as well. We choose to select those values, in order to better highlight the most extreme conditions
present in the geographic area under consideration. The CTC parameter was evaluated by integrating all
data with CTT < −70◦ within a larger area of 3◦ radius, corresponding to ∼350 km, in order to contain the
whole storm. The CTT, GCD, CTH, and CTC parameters are all evaluated at steps of 15 min, given by the
Meteosat time resolution. On the other hand, the CR is estimated by considering the temperature rate of
change throughout the entire cooling process, in the 60 min before the TGF and in the 60 min following
the TGF.
ER and CP parameters are estimated as the median value within the 0.25◦ radius circle around the TGF
position. The hourly time resolution at which ER and CP product are disseminated prevents any study on
the time evolution of these parameters; as a consequence, ER and CP are only evaluated at the single time
interval within 7.5 min from the TGF time (i.e., between hh:52:30 and hh+1:07:30) and no characterization
of their development in time is carried out.
Finally, the LFR parameter was considered only for a time interval of ±40 min around the TGF time, at time
steps of 5 min. An example of the meteorological products evaluated for this analysis is given in Figure 3,
where the CTT, GCD, CTH, and CTC are presented, related to three TGFs of our sample, detected by RHESSI,
AGILE, and Fermi, respectively.
3. Results and Discussion
3.1. TGF Parameters
First of all, we investigated the Δt parameter, in order to assess whether the time offset between the MSG
data and the TGF plays a role in describing the meteorological scenario. The general trends of the total
distributions of the meteorological parameters are generally followed by each class ofΔt, allowing us to treat
all Meteosat data as reliable and consistent with the TGF time of occurrence. As a consequence, for the rest
of the study, we neglected the Δt parameter.
We filled in a database in which each event is characterized by its TGF parameters and the meteorological
parameters of the associated storm. We built up cumulative distributions of the main parameters for the
Table 2b
Example of TGF Parameters Associated to a TGF Detected by AGILE
TGF150423
Time 2015-04-23 19:01:02.116 (UT)
Detecting satellite AGILE
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Table 3a
Example of meteorological parameters associated to the TGF detected by AGILE on 23 April 2015 19:01:02 (UT), also presented in Tables 2a and 2b
Parameters Values
t − tMSG (min) −100 ... −45 −30 −15 0 +15 +30 +45 ... +100
CTT (◦C) −78.65 … −83.22 −80.06 −83.22 −81.92 −82.57 −84.56 −82.57 … −81.74
GCD (◦C) −1.59 … −3.09 −3.02 −3.09 −2.9 −3.09 −3.09 −3.45 … −3.17
CTH (km) ≥14.4 … ≥15.04 ≥ 15.04 ≥ 15.04 ≥15.04 ≥ 15.04 ≥ 15.04 ≥ 15.04 … ≥ 15.04
CTC (km2) 62,055 ... 70,589 74,781 75,466 80,428 83,594 84,193 84,706 … 84,613
ER (μm) … ... … … … 20.2 ... … … … …
CP … ... … … … two-layer ice cloud ... … … … …
TGF sample as a whole, in order to study the general features of our TGF population. In Figure 4, distribu-
tions for the TGF properties of our sample are presented. The TGF events acquired by RHESSI, AGILE, and
Fermi do not represent a homogenous sample, for what concerns both the detection periods and the cov-
ered geographic regions: these satellites house detectors with different energy ranges and sensitivities, orbit
at different inclinations collecting different surface exposures, and acquired the related TGF subsamples
during only partially overlapping time periods. As a consequence, the cumulative distributions of the TGF
parameters only serve to describe the adopted sample and do not constitute a general characterization of the
TGF phenomenon: for the analysis, we kept separated the three satellites TGF subsample contributions.
The yearly distributions show the different and nonuniform periods considered for each spacecraft, partially
overlapping and not covering an integer number of years: this affected the related monthly distributions,
although they clearly show the general trend peaking in the spring and autumn, due to the ITCZ crossing
the equatorial strip. The local time distributions, which can be considered the only actual homogeneous
distributions, due to the large number of days considered in the analysis (∼250 days), clearly follow the
diurnal pattern of lightning flashes, preferring afternoons.
The geographic distributions are affected by the different surfaces covered by the three satellites, with most
of TGFs occurring within the 10◦S to 10◦N latitude range, common to all spacecraft, as already displayed
in Figure 1. Nevertheless, they globally follow the typical storm distribution, with the greatest fraction of
events occurring over land, corresponding to the African continent: the lack of data over the Atlantic Ocean
can be ascribed to the lower lightning occurrence, to the lower WWLLN sensitivity, but also to the pres-
ence of the South Atlantic Anomaly, where detectors are usually switched off due to the presence of a high
charged particle background that prevents detections. The longitude distributions exhibit the typical sharp
LFR gradient at 30◦E, given by the orographic structure of the eastern edge of the Congo basin.
3.2. TGF-Associated Storms Meteorological Parameters
We start cross correlating the TGF parameters of our sample with meteorological data associated to the pro-
ducing storm. We focus on the scenario at the time at which our TGFs occurred, by studying the CTT, GCD,
CTH, and CTC parameters provided by the closest in time available MSG data, related to the TGF-associated
storm, as well as the LFR parameter, evaluated on a time interval of ±2.5 min around each TGF. Distribu-
tions of all parameters are shown in Figure 5, for all TGFs of our sample, by evaluating MSG data within
0.25◦ around each TGF-associated sferic position: the plots show the distributions evaluated for the total
TGF population, considered as a unique homogenous sample. On the other hand, Figure 6 shows the same
meteorological parameters, evaluated with respect to the different TGF parameters of the sample (i.e., detect-
ing satellite, time delay, local time, sferic latitude, and geographic region): these distributions are displayed
Table 3b
Example of meteorological parameters associated to the TGF
detected by AGILE on 23 April 2015 19:01:02 (UT), also
presented in Tables 2a and 2b
Parameters Values
t − tMSG (min) tTGF − 60, tTGF tTGF, tTGF + 60
CR (◦C/min) −0.05 +0.05
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Table 3c
Example of meteorological parameters associated to the TGF detected by AGILE on 23 April 2015 19:01:02 (UT), also
presented in Tables 2a and 2b
Parameters Values
t − tTGF (min) −40 ... −15 −10 −5 0 +5 +10 +15 ... +40
LFR (fl./5 min) 0 … 8 3 6 9 3 6 2 … 3
as stacked histograms, in order to investigate the different contributions given by the parameters under
consideration.
3.2.1. CTT
For what concerns the cloud temperature, we obtain that most of the TGF-associated thunderstorms exhibit
low values of CTT, covering a wide range of temperatures, from about −90 to about −60 ◦C, with a peak at
∼ −77 ◦C, corresponding to deep convective systems: in particular, 95% storms exhibit CTT < −60 ◦C, with
more than 23% storms showing even lower temperatures CTT < −80 ◦C. As expected, deeper convective
systems occur mostly during afternoons and over land regions, driving the general thunderstorm behavior.
Most of the TGFs occurring in the western part of 15◦W take place between the Atlantic Ocean and the
eastern coast of Central America, following the ITCZ path, as previously shown in Figure 1: this subsample
of ∼30 events is mostly associated with oceanic regions and exhibit associated storms with an average tem-
perature CTT = −68 ◦C. As lower latitudes imply higher tropopause and colder CTTs, convective systems
with extremely low top temperatures (CTT < −85 ◦C) are almost only observed at latitudes within 10◦S and
10◦N. It is interesting to notice that for latitudes within 10◦S to 10◦N, the CTT distribution peaks in the range
−80 ◦C < CTT < −70 ◦C: however, 32% storms associated to AGILE TGFs (i.e., detected within the 2.5◦S to
2.5◦N latitude range) peak at slightly higher temperatures, in the range −70 ◦C < CTT < −65 ◦C.
3.2.2. GCD
The GCD parameter shows values peaked between −5 and 0 ◦C, with a maximum at −2.5 ◦C, as expected
from mature stages of intense convection. The GCD distributions with respect to the TGF parameters
generally follow what obtained for the CTT parameter, with deeper convective systems occurring during
afternoons and over land, and extremely convective storms (i.e., GCD < 7 ◦C) taking place mainly in the
±10◦ latitude range. Also in this case, a large fraction of AGILE TGF-associated storms exhibit slightly higher
Figure 4. TGF properties of the population under analysis, for the RHESSI (green), AGILE (red), and Fermi (blue)
subsamples, kept separated due to the different detection periods and observed regions. The first row presents the
distributions with respect to year (a), month (b), and hour (c), whereas the second row shows the cumulative
distributions with respect to (d) the geographic region, (e) longitude, and (f) latitude, peaking within the Tropics and
mostly occurring over land regions. RHESSI = Reuven Ramaty High-Energy Spectroscopic Imager; AGILE =
Astrorivelatore Gamma ad Immagini LEggero; WWLLN = World Wide Lightning Location Network; TGFs =
Terrestrial Gamma ray Flashes.
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Figure 5. Distributions of the CTT, GCD, CTH, CTC, and LFR meteorological parameters of the TGF-associated
storms. CTT = cloud top temperature; GCD = Global Convective Diagnostic; CTH = cloud top height; CTC = cloud top
coverage; LFR = lightning flash rate; TGFs = Terrestrial Gamma ray Flashes.
GCD values (i.e., −1 ◦C < GCD < 0 ◦C) with respect to the other TGF-associated storms detected in the
equatorial 10◦S to 10◦N latitude range. This shows that the usage of the GCD parameter adds very little
information with respect to the use of 10.8-μm channel temperature alone.
3.2.3. CTH
For what concerns the cloud top altitude, despite the CTH product has a 320-m fine vertical spatial resolu-
tion, a detailed study on cloud height is not possible, as the product is upper limited at 15,040 m, preventing
any estimate on higher top clouds: as a consequence, about ∼95% events populate the last histogram bin
of height ≥15,040 m. Nevertheless, our results confirm what obtained by Splitt et al. (2010), finding the
largest fraction (∼90%) of their single-storm associated TGFs having altitudes >15 km. The 5% storms with
Figure 6. Distributions of the CTT, GCD, CTC, and LFR meteorological parameters of the TGF-associated storms for the whole TGF population evaluated with
respect to the TGF parameters: local time (first row), latitude (second row), and geographic region (third row). CTT = cloud top temperature; GCD = Global
Convective Diagnostic; CTH = cloud top height; CTC = cloud top coverage; LFR = lightning flash rate; TGFs = Terrestrial Gamma ray Flashes.
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Figure 7. Time evolution of the CTT, GCD, CTH, CTC, and LFR meteorological parameters of the TGF-associated storms: each time step is evaluated by
considering the mean value of each parameter, estimated on the whole TGF population. CTT = cloud top temperature; GCD = Global Convective Diagnostic;
CTH = cloud top height; CTC = cloud top coverage; LFR = lightning flash rate; TGFs = Terrestrial Gamma ray Flashes.
CTH < 15, 040 m include a too small number of events, to clearly characterize their behavior with respect
to the TGF parameters.
3.2.4. CTC
The CTC distributions are characterized by a wide range of extensions, from less than 10,000 km2 to more
than 150,000 km2, peaking at CTC ∼ 35, 000 km2: CTCs are quite various, as they include both single storms
and large mesoscale convective systems (or at least the largest part of them), occurring within the 3.00◦
radius circle considered for the analysis. The CTC distributions do not show significant variations with
respect to the TGF parameters: the only clear feature regards extremely large convective systems (CTC >
120, 000 km2), which seem to occur mostly during afternoons/nights, for latitudes within 10◦S to 10◦N, and
over land, as expected.
3.2.5. LFR
Finally, the LFR distribution shows about 50% events with LFR < 5 flashes per 5 min, and decreasing still
exhibiting events with LFR > 40 flashes per 5 min. In the LFR < 20 flashes per 5-min range, the decreasing
trend is generally followed by all the other subdistributions evaluated with respect to satellite, local time,
latitude, and underlying regions: on the contrary, the limited number of storms with LFR > 20 flashes per
5 min prevents to identify reliable preferences with respect to the TGF parameters, although they seem
mostly linked to thunderstorms occurring in the night time, and within 10◦S to 10◦N latitude range.
3.2.6. ER and CP
For what concerns the ER and CP parameters, the 33 analyzed events exhibit quite clear behaviors. Most
of the events (60%) show relatively high ER, in the 50- to -65-μm interval, while the remaining events have
lower values, between 10 and 30 μm. All the events, except one, reach the ice phase at the cloud top.
3.3. TGF-Associated Storms Evolution in Time
We exploit the geostationary orbit of MSG satellites to investigate the time evolution of the convective sys-
tems associated to our TGFs, evaluating how the meteorological parameters behave in time. We took into
consideration the CTT, GCD, CTH, and CTC parameters for 15-min time steps, from tTGF − 100 min to
tTGF + 100 min, whereas the LFR parameter was evaluated for 5-min time steps. For the CTT, GCD, CTC,
and LFR parameters, we built the time evolution trends by taking, for each time bin, the median value of
each parameter, evaluated over the whole TGF data set in that time step. Using the median value, instead
of the sum or the average, has the advantage of providing a central value for each parameter over the whole
sample, less sensitive to outliers. On the other hand, the discrete nature of the CTH product, and the largest
fraction of events with heights > 15, 040 m populating the last available channel of the CTH, prevents us
from obtaining a reliable time profile. The CTT, GCD, CTH, and LFR parameters have been evaluated data
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Figure 8. Time evolution of the CTT, GCD, CTC, and LFR meteorological parameters of the TGF-associated storms: each time step is evaluated by considering
the mean value of each parameter, estimated on the whole TGF population and evaluated with respect to the TGF parameters of our sample: local time (first
row), latitude (second row), and the geographic region (third row). CTT = cloud top temperature; GCD = Global Convective Diagnostic; CTH = cloud top
height; CTC = cloud top coverage; LFR = lightning flash rate; TGFs = Terrestrial Gamma ray Flashes.
both within the 0.25◦(solid line) distance around the TGF-associated sferics position; on the other hand,
the CTC was evaluated in a 3.00◦ radius circle. Investigating a fixed area may result in a partial evaluation
of the storm, as systems evolve and move in time. This is true especially for the CTC parameter, which is
evaluated on a large 3.00◦ radius circle. However, such issues should be partially mitigated, if considering a
large number of events, as in the case of our 278 TGF sample. We ended up with the distributions shown in
Figures 7 and 8, whose plots are ordered as those of Figures 5 and 6.
3.3.1. CTT
The CTT evolution shows a clear trend that peaks (i.e., reaches its minimum value) in the ±15-min time
window enclosing the TGF time. On average, the former cooling phase lowers the top temperature of about
12 ◦C per 100 min (CR = −0.12◦/min), whereas the successive dissipation phase implies a warming of 5◦
per100 min, corresponding to +0.05◦/min, as expected from a typical thunderstorm context. This trend is
generally followed by all the related distributions, expressed with respect to the TGF parameters: as already
shown in Figure 5, colder top temperatures are reached for night storms, as well as for those occurring at
lower latitudes 10◦S to 10◦N and in the coast/land regions. Events in the ocean regions exhibit rather smaller
cooling rates of 7◦/100 min (CR = −0.07◦/min).
3.3.2. GCD
The same behavior of CTT is followed by the GCD parameter, which reaches its minimum at the TGF time
as well, between a former fast cooling phase and a successive slower warming phase. As for the CTT, lower
values of the GCD time evolution are reached for storms occurring in the night and over coast/land regions,
in particular during the cooling phase.
3.3.3. CTH
As the CTH product is upper limited at 15.04 km, and as each bin of these distributions is taken as the mean
value of all CTH values occurring in a given 15-min time step, the final trend will be underestimated with
respect to the effective altitude reached by the storm under analysis.
3.3.4. CTC
The CTC parameter distributions show an almost flat time profile, as each time bin represents the median
CTC value of a large TGF-associated storm population, with a wide range of cloud extensions. Nevertheless,
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Figure 9. Comparison of the meteorological parameters of 50 TGF-associated storms (black) occurring over the
African continent and 50 random storms (magenta) obtained by selecting random World Wide Lightning Location
Network sferics taking place in the same geographic region. The distributions are evaluated at the time of the
TGF/random sferic, with compatibility p values obtained by performing a Kolmogorov-Smirnov test reported in each
box. CTT = cloud top temperature; GCD = Global Convective Diagnostic; CTH = cloud top height; CTC = cloud top
coverage; LFR = lightning flash rate; TGFs = Terrestrial Gamma ray Flashes.
the TGF seems to take place at the end of the increasing size phase, when the median value of the CTC
is ∼55,000 km2. It is interesting to notice how in this case the common TGF parameters that characterize
deep convection (afternoons, low latitudes, and land regions) strongly affect the associated storm average
extensions, producing offset among the trends of up to 15,000 km2. In particular, events occurring in the
night time and over coast regions exhibit rather smaller average CTC values and TGFs seem not to occur at
the peak time: the CTC peak seems to occur about 50 min before the afternoon TGFs, about 15 min after
the night TGFs, and about 50 min after the morning TGFs.
3.3.5. LFR
Finally, the LFR distributions, evaluated on the ±40-min time intervals, all show a central peak, at tTGF ±
2.5 min, where the median flash rate reaches a maximum of 5 flashes per 5 min. From a qualitatively point
of view, the LFR time profile with respect to local time shows that afternoon storms exhibit a larger flash
rate gradient with a sharper central peak around the TGF time, whereas night storms exhibit a rather longer
and more defined time structure. Quantitatively, the highest flash rate revealed for night storms could be the
result of the night WWLLN detection efficiency (Hutchins et al., 2012). TGFs associated to storms occurring
over the ocean show higher flash rates of six flashes per 5 min with respect to coast and land thunderstorms.
3.4. Cross Check With Random sferics
It is interesting to quantitatively compare the TGF-associated storms to storms for which no close TGF
event was detected, in order to study the possible difference between the two populations. In order to do
that, we selected a sample of random WWLLN sferics, whose associated storms can be compared to the
TGF-associated ones. A remark is necessary: as the Meteosat field of view includes the largest part of the
South Atlantic Anomaly, where no TGFs are detected, we cannot blindly select a sample of random sferics
in the 60◦W to 60◦E longitude range, but we only focused on events occurring over the African continent.
In order to be consistent with this choice, we also selected a subsample from our TGF sample, of events
occurring within the same geographic region. We selected a subsample of 50 TGFs occurring over Africa,
and compared them with a sample of 50 random storms, selected from an equal number of random WWLLN
sferics, occurring within the same geographic region, between 2014 and 2017.
We carried out the same analysis performed in the previous stages of this work, by using MSG and WWLLN
data, building up distributions of the meteorological parameters and the related time profiles. The distribu-
tions of the meteorological parameters for the TGF-associated and the random storms, at the TGF time, are
presented in Figure 9. In order to quantitatively compare the TGF-associated and the random populations,
we carried out a Kolmogorov-Smirnov (KS) test on each pair of distributions.
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The CTT distributions both peak well below −60 ◦C, around CTT ∼ −80 ◦C and the compatibility between
the two distributions provided by the KS test is equal to a p value p = 52%. The GCD distributions are quite
similar, with both samples peaking around GCD ∼ −2 ◦C, producing a KS p value p = 93%. The CTH dis-
tributions, as well, exhibit very similar profiles, with almost all events occurring within cloud regions at
altitudes CTH ≥ 15, 040 m, for both populations: nevertheless, the random sample presents a fraction of
events (9%) at lower altitudes, larger than in the TGF-associated one; as these two distributions are mostly
characterized by a single bin, the corresponding KS test does not work properly, producing an underesti-
mated p value equal to p = 68%. The CTC distributions show a wide range of values up to cloud extensions
CTC ∼ 150, 000 km2: in particular, random storms exhibit about 17% more smaller size thunderstorms
(< 20, 000 km2), with respect to TGF-associated storms, resulting in a KS p value p = 44%. For what con-
cerns the LFR, both distributions peak below five flashes per 5 min and decrease with a similar trend with
increasing the flash rate, resulting in a KS p value of p = 96%.
4. Discussion and Conclusions
From this analysis, we obtain that storms producing TGFs are generally mostly concentrated at low latitudes,
peaking in the afternoon, and mainly occurring over land regions, as expected from typical tropical thunder-
storms. Nevertheless, from the point of view of those storms exhibit rather intense behaviors, characterized
by very cold CTTs (< −75 ◦C), high cloud top altitudes (> 15 km), and large top extensions (> 35, 000 km2),
confirming what found by Fabró et al. (2015) for the AGILE TGFs over South America. In particular, the
CTT parameter, providing information on the size of the thunderstorm, includes both single storms and
large mesoscale convective systems: moreover, the LFR parameter covers flash rates from one flash per 5 min
to more than 50 flashes per 5 min, characterizing storms with a wide range of intensities, from weak sys-
tems to deeper convective ones, confirming what already found by Splitt et al. (2010), regarding the cloud
extension, and pointed out by Chronis et al. (2016), regarding the intensity of TGF-associated storms. An
interesting information provided by the Meteosat satellites is the size of the cloud drop effective radius, that
exhibit slightly large radii, peaking aroung 55–60 μm, confirming the presence of deep convection in the
region under analysis; moreover, the CP parameter reconstructed for each TGF-associated storm turned out
to be linked to clouds with ice content.
The study of the storm evolution in time allowed to establish the preferred stage of the thunderstorm devel-
opment at which TGFs more likely take place, corresponding to the peak of the cooling phase: this stage
is characterized by the lowest CTT (∼ −75◦), highest cloud top altitude (>15 km), largest top extension
(∼ 55, 000 km2), and highest flash rate (∼5 flashes per 5 min). In particular, TGFs turn out to take place
mostly within ±5 min from the peak of the lightning activity, differently from what obtained by Smith
et al. (2010).
The comparison of 50 TGF-associated thunderstorms, randomly selected within our TGF sample, with
a set of 50 storms selected by choosing random WWLLN sferics from the same geographic area of our
TGFs, showed that both TGF-associated and random storms exhibit quite similar distributions, with CTTs
peaking at about −80 ◦C, maximum altitudes > 15.04 km, storm extensions both covering a large range
of dimensions, up to more than 150,000 km2, and LFRs mostly below five flashes per 5 min. A KS test
allowed to qualitatively characterize the compatibility of the two distributions, ending up with most of the
meteorological parameters exhibiting KS p values >50%: in particular, TGF-associated and random storms
seem to be very compatible for what concerns the lightning rate (p value = 96%) and the cloud top alti-
tude (p value = 68%), whereas the cloud extension turns out to involve larger size thunderstorms in case
of TGF, resulting in a lower compatibility between the two distributions (p value = 44%). This test shows
that the TGF-associated and the random storms are compatible, from the point of view of the analyzed
meteorological parameters.
This work represents a pilot study on how joint analyses on TGF-associated storms can be carried out by
exploiting data from the WWLLN and geostationary satellites. Future more detailed analyses should be
carried out, in order to better characterize the TGF source thunderstorms. These could imply the usage of
tracking algorithms, in order to follow the source region in time, instead of adopting a fixed observation area,
and the usage of LEO/polar satellites, endowed with radar detectors and having a better spatial resolution.
Larger and updated TGF data sets could be used, as well. Moreover, the new generation of geostationary
satellites, such as the GOES-R and the Meteosat Third Generation, both endowed with an onboard lightning
URSI ET AL. ANALYSIS OF THUNDERSTORMS PRODUCING TGFS WITH THE MSG 12,680
Journal of Geophysical Research: Atmospheres 10.1029/2018JD030149
imager, as well as the recently launched Atmosphere-Space Interaction Monitor, endowed with gamma ray
instruments, will surely contribute to shed light on the physical properties of thunderstorms producing TGFs
and on the relationship between TGFs and discharges, by performing multiwavelength observations of this
puzzling phenomenon.
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